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Recent experimental work on Au thin films demonstrated signs of charge current-induced spin
polarization through open circuit voltage measurements. In this study, we are investigating the
underlying mechanism(s) that induces this measured signal in the Au devices. We determine the
theoretically expected spin polarization from both Rashba-Edelstein effect and bulk spin Hall effect.
The discrepancy in the scaling of the measured signal as a function of the thickness of the Au
thin film in the two cases is our key to differentiate between the two effects when compared to
experimental data. Experiments show reversal of spin polarization at a critical thickness which
reveals the presence of multiple spin polarization mechanisms. Characteristics of both Rashba-
Edelstein and spin Hall effects are observed in different thickness regimes. In addition, we study
the magnetoresistance of the same Au samples, which reveal the presence of weak anti-localization
(WAL) at low temperatures for the low-thickness samples. More interestingly, it is revealed that
the open circuit voltage difference and magnetoresistance due to WAL have very similar scaling
with film thickness and temperature, suggesting the crucial importance of spin-orbit interaction in
understanding the phenomenon.
I. INTRODUCTION
In the recent past, there have been several experiments
to demonstrate signs that spin polarization can be in-
duced by driving a charge current through a topological
insulator1–6. In these experiments, an electric current is
driven in the plane of a thin film of topological insulator,
and the voltage on a ferromagnetic metal contact is used
to deduce the presence of a nonzero in-plane spin po-
larization, oriented perpendicular to the driven current.
This observation of current-induced spin polarization was
attributed to presence of electronic surface states that
bridge the energy gap of these otherwise insulating mate-
rials and form ‘helical’ bands. In these helical bands, spin
states and momentum states are uniquely related (spin-
momentum locking)7. As a consequence, an ensemble
spin polarization is induced when an electric field creates
an ensemble electron momentum imbalance. These ob-
servations were followed by a similar experiment where
the same effect was observed in devices with topologi-
cally trivial Au instead of a topological insulator8. The
present document is the record of an investigates into the
origins of this current-induced spin polarization in Au.
This paper is organized as follows. In the second sec-
tion, we present the main two theoretical models used
to explain the presence of current induced spin polariza-
tion in thin films of Au. These are the Rashba-Edelstein
effect9 and the bulk spin Hall effect. Both mechanisms
are a consequence of the strong spin orbit coupling (SOC)
in Au. In the third section we present our measurements
on CoFe/Au devices that show how the spin polarization
signal depends on temperature and the thickness of thin
Au films. This data reveal a surprising reversal of spin
polarization direction at a critical thickness of the Au
film, which suggests the presence of multiple competing
mechanism that generate spin polarization. Magnetore-
sistance, revealing weak anti-localization, is also investi-
FIG. 1. Dispersion relation in a system with Rashba spin orbit
interaction. Color grading represents spin states with red
being spin up and blue being spin down. The spin orientation
is consistent with spin-momentum locking where spins are
oriented in plane and perpendicular to ~k.
gated in the same Au/CoFe devices. In the final section,
we list some conclusions from this study.
II. THEORY
The two possible mechanisms we propose to explain
the presence of this open-circuit voltage hysteresis signal
that is observed in Au/CoFe devices and is presumably
due to spin polarization in Au are the Rashba-Edelstein
effect at the substrate-Au interface and/or the bulk spin
Hall effect (SHE). In this section, we use theoretical mod-
els to calculate the resulting spin polarization after ap-
plying a constant charge current to a thin layer of Au for
both scenarios.
2A. Current-induced spin polarization due to
Rashba dispersion
The Rashba-Edelstein effect is a consequence of the
joint effects of inversion symmetry breaking and spin or-
bit interaction (SOI) in a system. In our case, the in-
version symmetry breaking comes from the mismatch of
work function in Au and the electron affinity in SiO2
(substrate). This creates a very sharp electrical poten-
tial difference at the interface where the two materials
meet, and associated out-of-plane electric field. In mate-
rials like Au where the SOC is strong, such electric fields
give rise to the Rashba-Edelstein effect. Therefore, an
extra Hamiltonian contribution due to this effect should
be considered when dealing with such systems9–11
HRashba = α(
−→σ ×−→p ) · zˆ (1)
where α = gµbEo
2mc2 and Eo is the magnitude of the out-
of-plane electric field. The above Hamiltonian term is
responsible for the splitting of the two otherwise degen-
erate spin sub-bands, such as the case for parabolic bands
shown in Fig. 1. We can see that after the spin splitting,
we obtain two separate helical bands where the spin of
the electronic states is related to their quasi-momentum
~k.
Because of the structure of this spin-split conduction
band, it is possible in principle to generate spin polariza-
tion just by applying an electric field to such a system.
The applied field will lead to the asymmetric occupation
of these bands in a way that positive momentum states
are going to be populated more than negative momen-
tum states along the direction of the applied electric field.
Since momentum state and spin states are correlated, a
non-equilibrium spin polarization (oriented perpendicu-
lar to the charge current) is produced. This charge cur-
rent induced spin polarization can be calculated as fol-
lows.
1. Dispersion
The energy of the electron states is given by
E(kx, ky) =
~
2
2m
(k2x + k
2
y)± λ~
√
k2x + k
2
y, (2)
where λ is a constant proportional to the spin splitting
due to the Rashba effect9. A surface plot of this ex-
pression can be seen in Fig. 1. The positive sign in
(2) corresponds to the surface above the point ~k = (0, 0)
and the minus sign corresponds to the surface below that
point. Note that spins have opposite helicities on these
two surfaces. The wavevectors at the two Fermi surfaces
k±F can be obtained by solving the quadratic equation
~
2k2
2m + ~λk = EF to get
k±F =
√
2mEF
~2
+ (
mλ
~
)2 ± mλ
~
= k0 ± mλ
~
. (3)
2. Total current
The first step to calculate the current-induced spin
density polarization is to evaluate the total (charge) cur-
rent that is flowing in such a material when an electric
field is applied along the x direction. The expression for
the current is given by
j = −e
∫
vxg(~k)
d2k
(2π)2
, (4)
where g(~k) is the anti-symmetric part of the (distorted by
Ex) occupation function, given by g(~k) = ∆kx dfdkx where
∆kx =
eτEx
~
and dfdkx = −δ(k − kF ) cos θ. The (group)
velocity
v±x =
d
~dkx
E(kx, ky) =
1
~

 ~2
2m
(2kx)± λ~ kx√
k2x + k
2
y


=
~kx
m
± λkx
k
= (
~k
m
± λ) cos θ (5)
where kx = k cos θ. Now substitute into Eq.(4) to get
j =
e
(2π)2
∫ [
(
~k
m
− λ)δ(k − k+F ) + (
~k
m
+ λ)δ(k − k−F )
]
cos2 θ∆kxkdkdθ
=
e
4π
[
(
~
m
k+F − λ)k+F + (
~
m
k−F + λ)k
−
F
]
∆kx
=
e~k20
2πm
∆kx. (6)
Note that when λ = 0 such that k0 = kF =
√
2mEF /~
and the density n =
k2
F
2pi , this gives j =
ne2τ
m Ex (the stan-
dard Drude result).
3. Spin density and polarization
The next step in this calculation is to evaluate the spin
density of the occupied states. Spin density is given by
n↑ =
∫ 2pi
0
∫ ∞
0
[
(f0(~k) + ∆kxδ(k − k+F )) cos2
θ
2
+ (f0(~k) + ∆kxδ(k − k−F ) sin2
θ
2
]
kdkdθ
n↓ =
∫ 2pi
0
∫ ∞
0
[
(f0(~k) + ∆kxδ(k − k+F )) sin2
θ
2
+ (f0(~k) + ∆kxδ(k − k−F ) cos2
θ
2
]
kdkdθ
yielding
n↑/↓ =
1
8π
[(k+F
2 ± k+F∆kx) + (k−F
2 ∓ k−F∆kx)]
=
1
8π
[
(k+F
2
+ k−F
2
)± (k+F − k−F )∆kx)
]
. (7)
3From the definition of the current-induced spin density
polarization we get:
PCI =
n↑ − n↓
n↑ + n↓
=
k+F − k−F
k+F
2
+ k−F
2
∆kx (8)
Note that when k−F = 0 this reduces to the result for
Dirac cone8. After substitution of ∆kx obtained from
Eq. 6, we have
PCI =
2πm
e~
k+F − k−F
k20(k
+
F
2
+ k−F
2
)
j. (9)
Using the definition of k±F from Eq. (3), we can express
this quantity as
PCI = 2π
[
λm2
e~2k20
(
k20 + (
mλ
~
)2
)
]
j. (10)
4. Comparison to approximation
Eqn. 2 of Ref. 8 suggests P±CI =
∆kx
k±
F
for each [inner(-)
or outer(+)] Fermi surface of the Rashba dispersion. We
must average their contributions, weighted by density:
PCI =
P+CIn
+ − P−CIn−
n+ + n−
, (11)
Using n± = k±F
2
/4π, we then recover Eq. 8 exactly.
Of course the above result gives the spin polarization
at the bottom interface where the Au layer and the SiO2
substrate meet. The spin polarization at the top inter-
face between Au and CoFe—where the spin detection
takes place—is generally different. Assuming a simple
diffusion model, the intensity of the detected spin polar-
ization is going to be P = PCIe
−L/λσ , where L is the
total thickness of the thin Au film and λσ is the spin
diffusion length in Au.
B. Current-induced spin polarization due to bulk
Spin Hall Effect
Another phenomenon that can explain the generation
of spin polarization from sourcing charge current is the
bulk spin Hall effect (SHE). In SHE, spin-dependent scat-
tering of the carrier makes electrons of opposite spin to
move in opposite directions perpendicular to the applied
current and therefore accumulate at opposite surfaces of
the conducting channel. We can calculate the spin polar-
ization predicted from this mechanism by solving the cou-
pled drift-diffusion equation with finite spin lifetime12.
D
d2n↑
dx2
− v dn↑
dx
− n↑ − n↓
τ
= 0, (12)
D
d2n↓
dx2
+ v
dn↓
dx
− n↓ − n↑
τ
= 0. (13)
Where n↑,↓ are the carrier densities for spin up and down
electrons, D is the diffusivity and u is the Hall velocity
and is proportional to the drift velocity and Hall angle.
Adding and subtracting, we obtain differential equations
for the total n = n↑ + n↓ and difference ∆n = n↑ − n↓,
D
d2∆n
dx2
− v dn
dx
− 2∆n
τ
= 0; (14)
D
d2n
dx2
− v d∆n
dx
= 0. (15)
It is apparent that solutions to this system can be written
n = A cosh(ax) + C and ∆n = B sinh(ax); substitution
then yields the algebraic relationship B = ADa/v and
a = ±
√
v2
D2 +
2
Dτ . The latter can be expanded in the
limit of small v as
|a| ≈
√
2
Dτ
(1 +
v2τ
4D
) (v → 0). (16)
Conversely, in the limit of long lifetime τ , it can be ex-
panded as
|a| ≈ v
D
(1 +
D
v2τ
) (τ →∞). (17)
Insulating boundary conditions at x = ±L/2
(D dndx |x=−L/2 − vn(−L/2) = 0 and vn(L/2) −
D dndx |x=L/2 = 0) can be combined to dictate at x = L/2
vn−Dd∆n
dx
= 0, (18)
which gives the relationship between C and A as
C = A cosh(aL/2)
[(
Da
v
)2
− 1
]
, (19)
which clearly vanishes as τ → ∞ because |a| → vD . The
spin polarization,
P (x) =
∆n(x)
n(x)
=
D
v
a sinh(ax)
cosh(ax) + C/A
=
D
v
a sinh(ax)
cosh(ax) + cosh(aL/2)((Dav )
2 − 1) (20)
asymptotically approaches tanh(vx/D) in this
relaxation-free limit.
Note that we can write the boundary spin polarization
as
P (
L
2
) =
∆n(L
2
)
n(L
2
)
=
v
Da
tanh(
aL
2
). (21)
Figure 2 shows plots of Eqs. 20 and 21 for different values
of the spin relaxation constant.
To lowest order in 1/τ , we have
P (x) ≈ (1 +
D
v2τ ) sinh(ax)
cosh(ax) + 2Dv2τ cosh(vL/2D)
, (22)
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FIG. 2. Numerical calculations of spin polarization using Eqs.
20 and 21 for various values of τ . Upper panel shows the
magnitude of spin polarization inside the Au layer at vari-
ous points along the out of plane direction starting from the
Au/SiO2 interface to the Au/CoFe interface. The multiple
lines correspond to different values of spin relaxation time in
Au. Lower panel shows the magnitude of spin polarization at
the Au/CoFe (the point of the measurement) as a function of
spin relaxation time. The parameter used for the numerical
calculations are: D = 10−4 m2/s, u = 2.12 ∗ 10−1 m/s and
L = 20 nm.
and the polarization at the boundary is |P (L/2)| ≈ (1−
D
v2τ ) tanh(vL/2D). In realistic systems, vL/D≪ 1 so we
have in linear response ≈ vL
2D − L2vτ . In the limit of short
lifetime τ ≪ 2D/v2, a ≈
√
2
Dτ . Then,
P (L/2) ≈
√
τv2
2D
tanh(
L√
2Dτ
). (τ → 0) (23)
Variations as a function of thickness L are then expected
to be nonlinear only in the diffusion-length regime.
III. EXPERIMENTAL RESULTS
As it can be seen from the theoretical analysis of the
two candidate mechanisms, the scaling of the observed
FIG. 3. A top down view of a typical Au/CoFe device
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FIG. 4. The open circuit voltage (raw data) between Au and
CoFe as a function of the in plane magnetic field. This volt-
age follows a hysteresis curve. The amplitude of the hysteresis
loop ∆V is directly proportional to the spin polarization at
Au/CoFe interface that points along the direction of the ex-
ternal magnetic field.
signal with the thickness of the Au thin film is different
in each case. Therefore it is expected that experiments
on devices of various thicknesses of Au thin films will be
able to help us differentiate between the two mechanisms.
We have prepared samples with different thickness of Au
layer from 8nm to 20nm. The devices consist of an Au
layer deposited by thermal evaporation followed by the
deposition of CoFe magnetic contacts using e-beam evap-
oration. A top view of the complete device is shown in
Figure 3. The measurement process follows closely the
one in Ref. 8. In short, a charge current was sourced13
through the thin Au film, and simultaneously the open
circuit voltage between the Au and CoFe is measured as
an in plane (and perpendicular to the current) magnetic
field is swept in the range of ±60 mT to control FM mag-
netization. A typical data set from such measurements
is plotted in Figure 4.
We can extract the amplitude of the open-circuit volt-
age hysteresis (∆V )—defined as the difference in the volt-
age between Au and CoFe at the two extreme values of
the magnetic field—for each one of the samples for var-
ious temperatures. The results are presented in Figure
5. It can be seen that ∆V decreases monotonically with
increased temperature. More interesting though is the
scaling of ∆V with the thickness of the thin film of Au.
The plots show a drop in the value of ∆V as thickness in-
creases up to some critical thickness (14nm-16nm) where
we observe reversal of spin polarization for thicker de-
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FIG. 5. Spin signal ∆V as a function of temperature. Data
are plotted in two different plots due to the much larger signal
from the thinnest device.
vices. It is also observed that for thicknesses 16nm, 18nm
and 20nm, the magnitude of ∆V is almost identical.
We also perform magnetoresistance (MR) measure-
ments on the same samples. For each device the resistiv-
ity of the thin Au film is measured for different values of
an out of plane magnetic field. The magnetoresistance is
then calculated as (ρB−ρB=0)/ρB=0. The magnetoresis-
tance plot for the sample with Au layer thickness of 8nm
is shown in Figure 6. MR data show a clear signal of weak
anti-localization. The effect of weak anti-localization
grows weaker as the thickness of Au increases. This is
expected since the higher the confinement of the elec-
trons, the greater the chance of the electrons to follow
a closed loop trajectory that will eventually contribute
to either weak localization or weak anti-localization de-
pending on the nature of wavefunction interference. The
fact that weak anti-localization is observed can be at-
tributed to the presence of strong spin orbit coupling in
Au14,15. Interestingly enough, the magnitude of weak
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FIG. 6. Relative deviation from zero field resistivity as a func-
tion of out of plane magnetic field. Data reveal the presence
of weak anti-localization at low temperatures.
anti-localization has a very similar temperature scaling
with ∆V , at least for the thinner samples where a large
and positive ∆V has been measured. The comparison
between ∆V and (ρBmax − ρB=0)/ρB=0 can be seen in
Figure 7.
IV. DISCUSSION
The reversal of the direction of spin polarization sug-
gests that more than one spin polarization mechanism,
with different spin polarization directions, are present
in the system. The low-thickness data points show an
abrupt drop of ∆V with respect to the thickness of the
Au film. This is consistent with the exponential decrease
in spin polarization as a function of film thickness in the
case of Rashba-Edelstein. On top of that, the sign of ∆V
predicted from theory for the case of Rashba-Edelstein is
positive which agrees with the sign of ∆V for samples of
thickness 8 nm to 14 nm. The sign of ∆V is switched be-
tween 14 nm and 16 nm which indicates the inversion of
the direction of spin polarization. For thicknesses 16 nm
- 18 nm ∆V is negative and it is indistinguishable in
magnitude from device to device. This similarity in the
magnitude of the ∆V signal between the devices that dis-
play a negative ∆V is consistent with what is expected
in the case when spin Hall effect is responsible for spin
polarization which suggests that the amplitude of ∆V
increases and saturates above a certain thickness of Au
film.
Finally, we observe a similarity between the scaling of
∆V and (ρB − ρB=0)/ρB=0 both with temperature and
thickness (at least for 8 nm - 14 nm). This is likely due
to the fact that both WAL and the two candidate mech-
anisms that can explain ∆V are a result of the strong
SOC in Au.
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FIG. 7. Spin signal ∆V and the magnetoresistance are plotted in the same graph both as a function of temperature (left panel)
and device thickness (right panel) in an attempt to investigate the similarity in scaling with these parameters.
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